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NeurotechniqueTargeted Attenuation of Electrical
Activity in Drosophila Using
a Genetically Modified K Channel
Paradis et al., 2001; but also Sutherland et al., 1999), and
no channel type has emerged as an effective, generally
applicable tool. The intrinsic properties of some channel
types clearly limit their effectiveness in suppressing ac-
tivity. Ca2-activated K channels, for example, have
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Summary As an alternative to naturally occurring channels, we
have genetically engineered a novel K channel, derived
We describe here a general technique for the graded from the Drosophila Shaker channel, for use as a sup-
inhibition of cellular excitability in vivo. Inhibition is pressor of electrical activity in vivo. Drawing on struc-
accomplished by expressing a genetically modified ture/function studies of the Shaker channel, we have
Shaker K channel (termed the EKO channel) in tar- incorporated mutations that enhance the ability of this
geted cells. Unlike native K channels, the EKO chan- channel, which we call the “electrical knockout” or
nel strongly shunts depolarizing current: activating at “EKO” channel, to shunt depolarizing current. First, we
potentials near EK and not inactivating. Selective tar- have shifted the channel’s voltage dependence of acti-
geting of the channel to neurons, muscles, and photo- vation in the hyperpolarizing direction so that the EKO
receptors in Drosophila using the Gal4-UAS system channel activates in most Drosophila cells at voltages
results in physiological and behavioral effects consis-
of approximately 60 mV. It can thus counter depolar-
tent with attenuated excitability in the targeted cells,
ization over a broad range of potentials without pro-
often with loss of neuronal function at higher trans-
foundly altering resting physiology. Second, we have
gene dosages. By permitting the incremental reduc-
deleted the N-terminal domain responsible for fast inac-tion of electrical activity, the EKO technique can be
tivation to allow sustained channel activation in re-used to address a wide range of questions regarding
sponse to depolarization. To permit monitoring of chan-neuronal function.
nel expression and localization, we have also fused the
truncated N terminus to the green fluorescent proteinIntroduction
(GFP), leaving the PDZ binding domain at the C terminus
of the native Shaker channel intact. This ensures local-Techniques for manipulating the activity of targeted cells
ization of the EKO channel to sites normally occupiedin living animals are essential to understanding how
by the Shaker channel (Kim et al., 1995; Tejedor et al.,different classes of neuron contribute to the formation
1997), which is broadly expressed in the Drosophila ner-and function of the nervous system. While methods have
vous system and in muscles.been developed for suppressing synaptic activity in spe-
Here, we demonstrate the ability of the EKO channelcific subsets of neurons in Drosophila using the genes
to suppress cellular excitability in culture and in vivofor either tetanus toxin light chain (Sweeney et al., 1995)
using the Drosophila Gal4-UAS system (Brand and Perri-or the dynamin mutant, shibire (Kitamoto, 2001), more
mon, 1993). We show that the channel can inhibit excit-general techniques for perturbing neuronal function by
ability in a variety of cell types, including motoneurons,manipulating membrane excitability are desirable. Such
muscles, and photoreceptors. In most cases, the leveltechniques would allow one to suppress (or enhance)
of inhibition increases incrementally with increased EKOnot only neurotransmission, but also other electrical pro-
transgene dosage. In addition, we show how the EKOcesses involved in the modulation and integration of
channel can be used to investigate the role of electricalinputs or the encoding of outputs.
activity in neural development, sensory neuron function,Molecular genetic approaches to suppressing electri-
and the generation of specific behaviors. In additioncal activity have focused on overexpressing the genes
to graded manipulation of neuronal activity in targetedof cloned Kchannels in neurons. Kchannels of several
cells, conditional inhibition using temperature shifts isdifferent types have been shown to suppress the excit-
ability of neurons in culture (Kaang et al., 1992; Jones possible with the EKO technique by expressing the EKO
and Ribera, 1994; Zhao et al., 1994; Ehrengruber et al., channel in flies containing the temperature-sensitive
1997; Johns et al., 1999). Success in vivo, however, has Na channel mutation, parats1. We anticipate that the
been mixed (see Peckol et al., 1999; Baines et al., 2001; EKO channel will prove broadly useful in the spatial




Figure 1. Modification of the Shaker K Channel to Act as a Current Shunt to Suppress Neuronal Function
(A) Structural features of the Shaker channel  subunit are illustrated schematically, together with the modifications introduced to convert
the channel into an effective current shunt (i.e., the EKO channel). Specifically, the inactivation domain was replaced with GFP, and paired
charges in transmembrane domains S3 (D316N) and S4 (K374Q) were neutralized to alter gating. The PDZ binding domain at the C terminus
was left intact.
(B and C) Normalized conductance-voltage relationships (B) and representative current traces (C) from two-electrode voltage clamp recordings
of the Shaker and EKO channels expressed in Xenopus oocytes show the functional consequences of the structural modifications introduced
into the EKO channel: a hyperpolarizing shift in activation threshold and the removal of channel inactivation. Depolarizing steps of 20 mV
between the potentials of 60 and 60 mV elicited the currents shown in (C). Holding potentials were 80 mV for Shaker-expressing oocytes
and 100 mV for EKO-expressing oocytes.
(D) Phase-contrast and fluorescence micrographs of an Aplysia bag cell neuron expressing the EKO channel.
(E) Average input resistance (left) and resting membrane potential (right) of nonfluorescent control neurons (n  3) or neurons expressing the
EKO channel (n  4). Input resistance was measured at 70 mV by injection of 0.5 nA or 1 nA of current. Error bars here, and throughout
the manuscript, indicate standard error of the mean (SEM).
(F) The effects on neuronal excitability of EKO channel expression. Injection of 0.05, 0.5, and 1 nA of current elicits active responses from a
nonfluorescent control neuron (top), while the EKO-expressing neuron shown in (D) displays only small, passive responses (middle). Even the
maximum current injection possible (10 nA) failed to elicit an action potential from this neuron (bottom).
Holding potential: 70 mV.
Results mV to 85 mV (Figure 1B), and rapid inactivation was
eliminated (Figure 1C). The small decline in current am-
plitude during prolonged depolarizing steps may indi-Construction and Expression of the EKO Channel
To create a channel that would act as an effective current cate residual “C-type” inactivation (Hoshi et al., 1991).
Expression of the channel in cultured Aplysia neuronsshunt and act to suppress electrical excitability, we
modified the gene of the Drosophila Shaker K channel (Figure 1D), confirmed its ability to suppress excitability.
The channel locked the resting potential of expressingas illustrated in Figure 1A. To shift the activation thresh-
old in the hyperpolarizing direction, we neutralized the neurons at the equilibrium potential for K (EK  76
mV) and decreased the input resistance over 30-foldpaired charges in transmembrane domains S3 and S4,
introducing the point mutations D→N and K→Q first (Figure 1E). Although current injections of 1 nA routinely
elicited action potentials in control cells, injections ofdescribed by Papazian et al. (1991). To attenuate inacti-
vation and tag the channel for detection, we replaced current up to 10-fold higher elicited only passive current
responses from expressing cells (Figure 1F).the N-terminal inactivation domain (Hoshi et al., 1990)
with GFP, leaving the PDZ binding domain at the C
terminus intact. We confirmed that the modified channel Expression of the EKO Channel in Drosophila
Neurons and Muscles Inhibits Excitabilityhas the desired physiological properties by expressing
the gene in Xenopus oocytes: threshold for current acti- To test the ability of the EKO channel to inhibit excitabil-
ity in targeted cell types in Drosophila, we exploited thevation of the channel was shifted by approximately40
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Gal4-UAS system developed by Brand and Perrimon We expected expression of the EKO channel in Dro-
(1993). We generated seven independent UAS-EKO lines sophila cells to significantly reduce cellular excitability
and selected the two strongest expressing lines for the and, indeed, in the course of current clamp recordings,
studies described here. One of these, E222, fortuitously we routinely noted muscle contractions in control fibers,
contains a double insert of the EKO channel gene on the but none in fibers expressing two copies of the EKO
second chromosome, while the other, E323, contains a channel gene. Consistent with this, we noted decreases
third chromosome insert. Using these two chromo- in both input resistances and resting membrane poten-
somes, individually or in combination, we began our tials in muscles expressing two copies of the EKO trans-
analysis with flies expressing up to three copies of the gene. On average, resting potentials were hyperpolar-
EKO transgene in either the nervous system, using the ized by 9 mV in EKO-expressing muscles (62  2
C155/elav-Gal4 driver, or musculature, using the 24B- mV, n  15 versus 53  3 mV in controls, n  9), and
Gal4 driver. Both drivers promote robust and sustained input resistances measured at the resting potential were
expression of Gal4 in these tissues starting early in em- 74% smaller (1.2  0.1 M, n  11 versus 4.60.8 M,
bryonic development, prior to synaptogenesis, and ex- n  10 in control fibers).
tending into adulthood. To directly demonstrate inhibition of excitability by
Expression of two copies of the EKO transgene in the EKO channel, we measured excitatory postsynaptic
the embryonic nervous system (Figure 2A) results in potentials (EPSPs) at a well-characterized neuromuscu-
generalized labeling of both the central and peripheral lar synapse (mf 6) in animals expressing two copies of
nervous systems, with both cell bodies and neuropil the EKO transgene in all muscles (Figure 3A). Retrograde
fluorescing brightly. The nerve tracts are also highly stimulation of axon 2 in the segmental nerve results in
fluorescent, indicating the spread of the channel to the the monosynaptic excitation of the 1S motoneuron at
neuropil and axons. The number and gross morphology ventral longitudinal muscle 6 (Lnenicka and Keshishian,
of the sensory neurons appears unaltered by EKO chan- 2000). We measured synaptic function in muscle fiber
nel expression. The relatively uniform labeling of so- 6 in response to such stimulation under both current
mata, dendrites, and axons of sensory neurons indicates clamp and voltage clamp conditions. We found that
a broad subcellular distribution of the channel. while excitatory postsynaptic currents (EPSCs) in EKO-
Examination of third instar larval muscles expressing expressing muscles were similar to those measured in
two copies of the EKO transgene (Figure 2B) also reveals control fibers expressing GFP alone (68  6 nA; n 
a broad pattern of subcellular labeling. Perinuclear fluo- 6 versus 82  9 nA, n  5 for controls), EPSPs were
rescence of the endoplasmic reticulum (black arrow- on average 30% smaller and decayed nearly five times
head) indicates that some of the fluorescence derives as fast (Figure 3B), essentially following the time course
from biogenically immature channels, but strong enrich- of the synaptic currents. The rapid decay of the EPSP
ment of fluorescence at postsynaptic sites (white in EKO-expressing muscles suggests that the EKO
arrows, and see inset) indicates that the PDZ binding channel reduces muscle excitability in part by reducing
domain of the EKO channel is correctly directing mem- the membrane’s ability to summate consecutive inputs.
brane insertion at the subsynaptic reticulum (Tejedor et The attenuation of EPSP amplitude in EKO-expressing
al., 1997). muscles also represents a reduction in excitability since
To confirm that the EKO channel is functionally ex- it decreases the likelihood that the membrane will reach
pressed in both neurons and muscles, we examined the threshold for Ca2 channel activation. Both the atten-
the whole-cell currents of embryonic neurons and larval uation of EPSP amplitude and the decrease in decay
muscles from animals expressing two copies of the EKO time result from the nearly 4-fold reduction in membrane
transgene. K current densities in both cultured embry- resistance in EKO-expressing muscles. The difference
onic neurons and larval muscles expressing the EKO in EPSP amplitude between EKO-expressing muscles
transgene were over 2-fold larger than those of control
and controls remains modest, however, because the
cells expressing GFP alone (Figures 2B, 2D, and 2G).
potential change during the brief synaptic current de-
As expected, the activation threshold of these currents
pends largely on the muscle membrane capacitancewas also substantially shifted in the hyperpolarizing di-
rather than its resistance.rection in both cell types: 30 mV in neurons and 26
mV in muscles (Figures 2B, 2D, and 2H). The identity of
Behavioral Effects of EKO Transgene Expressionthe enhanced currents was confirmed by application
in Neurons and Muscles Are Graded and Can Beof 4-aminopyridine (4-AP), a classic blocker of EKO’s
Enhanced by Increasing Transgene Dosageparent channel, Shaker. Application of 4 mM 4-AP re-
Consistent with its physiological effects, we find thatduced steady-state K currents in muscles expressing
expression of the EKO channel in either all neurons or allthe EKO transgene to control levels (Figures 2D and
muscles is paralytic and lethal at higher gene dosages.2G). The difference current lacks a rapidly inactivating
Expression at intermediate dosages, however, leads tocomponent, as is expected for the EKO channel. Inter-
graded impairments of motor function and viability. Ex-estingly, the transient A current of muscle, carried by
pression of a single copy of the EKO transgene in eitherthe native Shaker channel, is also suppressed by ex-
all neurons or all muscles resulted in substantial mortal-pression of the EKO channel (Figure 2D, bottom). The
ity during development, but two copies of the gene wereEKO channel may outcompete native Shaker channels,
required in each case for complete lethality (Figure 4A,perhaps by saturating sites on the PDZ adaptor protein,
left). In the nervous system, expression of the EKO trans-Discs Large. Alternatively, EKO channel subunits may
gene at two copy dosage was lethal at the embryoniccoassemble with native Shaker subunits and attenuate
inactivation of the hybrid channels. stage, with 99.3% of embryos failing to hatch, while in
Neuron
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Figure 2. Drosophila Cells Expressing the EKO Channel Have Enhanced, Low-Threshold K Currents
(A) Confocal micrograph (merged Z-series) of EKO channel expression in the nervous system of a late-stage Drosophila embryo shows the
absence of gross anatomical changes in either the peripheral or central nervous systems. Labels indicate the ventral nerve cord (vnc) and
sensory neurons (sn). The bright labeling anterior to the VNC is the salivary gland, obscuring brain fluorescence.
(B) Fluorescence micrograph showing EKO localization in ventral longitudinal muscles of a third instar larva. White arrows indicate enriched
labeling at subsynaptic sites. The inset shows that this labeling closely apposes the presynaptic boutons labeled with an antibody to
synaptotagmin (red). The black arrowhead indicates perinuclear labeling of endoplasmic reticulum. The 24B-Gal4 driver also drives expression
in some non-muscle tissues derived from mesoderm such as tracheae (white arrowhead).
(C) Neuronal currents: representative whole-cell currents elicited by step depolarizations from 90 mV to 60 mV from cultured embryonic
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of the EKO transgene with increasing dosage strongly
correlated with progressive impairment of motor func-
tion, consistent with electrical silencing in these tissues.
Analysis of the motility of animals expressing up to three
copies of the EKO transgene in either neurons or mus-
cles confirmed this, with substantial attenuation in
movement accompanying increasing transgene dosage
in both cases.
Neuronally derived movements begin prior to hatching
(stage 17), with embryos executing slow, rhythmic, peri-
staltic contractions of the bodywall (Figure 4B, top) that
can be suppressed by pan-neuronal expression of teta-
nus toxin light chain (TetTx; Figure 4C, bottom), as has
been shown previously by Sweeney et al. (1995). Em-
bryos expressing either two or three copies of the EKO
transgene in the nervous system also show a 10-fold
reduction in the frequency of full-body peristaltic waves
relative to control embryos (Figure 4C), suggesting that
motoneuron function is being potently inhibited. Similarly,
incremental increases in EKO transgene expression in
muscles lead to progressively reduced rates of first in-
star larval locomotion (Figure 4D).
Applications of the EKO Technique
The selective inhibition of electrical function by the EKO
channel in both neurons and muscles demonstrates the
efficacy of the EKO technique. The following examples
illustrate applications of the technique to three principalFigure 3. Expression of the EKO Channel in Muscle Reduces Excit-
areas in which it stands to be particularly useful: neuralability
development, manipulation of cellular physiology, and(A) Response of muscle fiber 6 to retrograde stimulation of the
investigation of the cellular basis of behavior.segmental nerve: representative EPSPs (above) and EPSCs (below)
are shown for muscles expressing EGFP (black lines) or two copies
of the EKO transgene (blue lines). EPSC traces are nearly identical Role of Pre- and Postsynaptic Activity
and overlap. Stimulus artifacts have been removed for clarity. in Synaptic Refinement
(B) Bar graphs summarize average EPSP amplitudes (left) and decay
Nervous system development depends critically ontimes (right) for five muscle fibers of each type. Decay time is the
electrical activity, particularly at the level of synaptictime required for the amplitude to drop from 90% to 10% of its peak
connectivity, where the establishment and maintenancevalue.
of correct connections often depends upon spontane-
ously generated and/or sensory-driven activity (Aamodt
and Constantine-Paton, 1999; Yuste and Sur, 1999; Ke-muscle, expression at two copy dosage resulted primar-
ily in larval (35%) or pupal (46%) lethality. There was a shishian et al., 1994). Accumulating evidence suggests
that gap junctions between developing neurons maydirect correlation in muscle between the stage of mortal-
ity and the copy number of EKO transgenes expressed, play a critical role in these processes (Yuste et al., 1992;
Kandler and Katz, 1998), emphasizing the need for toolswith animals expressing higher copy numbers dying at
progressively earlier stages (Figure 4A, right). Significant that specifically suppress electrical, as opposed to syn-
aptic, activity.embryonic mortality (50%) occurred only with expres-
sion in muscles of three copies of the EKO transgene. Electrical and synaptic activity appear to play differen-
tial roles in the development of neuromuscular connec-Expression of three copies of the EKO transgene in the
nervous system resulted in 100% embryonic lethality. tivity in Drosophila larvae. While a reduction of presyn-
aptic excitability during early development degrades theIn both nerves and muscles, the increasing lethality
neurons expressing either EGFP alone (left) or two copies of the EKO transgene (right). Recordings were made using the whole-cell patch
clamp technique from neurons two days after plating. Holding potential was 90 mV.
(D) Muscle currents: representative whole cell currents recorded by two-electrode voltage clamp from muscles in animals expressing GFP
alone (Control, left) or two copies of the EKO transgene (right). The currents elicited by depolarization from 80 mV to 20 mV in 10 mV
steps are shown before and after treatment with 4 mM 4-AP to eliminate the EKO current. The 4-AP sensitive difference current is also shown
for depolarizations to 80, 50, and 10 mV (bottom). The rapidly inactivating, native Shaker current seen in control muscles is absent in
the EKO-expressing muscles. All recordings were made from ventral longitudinal muscle 6 in segment A2 in low Ca2 saline to suppress
calcium currents and contraction.
(E and F) Current voltage relations for the neuronal and muscle currents shown in (B) and (D), respectively.
(G and H) Average peak K current densities (G) and activation thresholds (H) are shown for all embryonic neurons and third instar larval
muscles assayed as described in (B) and (D). (n  20 in all cases except muscle current densities where n  5 for both EKO and EGFP).
Muscle current densities were calculated using the reported specific capacitance for muscle 6 (Jan and Jan, 1976).
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stereotyped precision of neuromuscular connections and
results in multiple ectopic synapses on inappropriate
muscle fibers (Jarecki and Keshishian, 1995; Chang and
Keshishian, 1996), synaptic blockade does not appear
to have a similar effect (Jarecki and Keshishian, 1995;
Sweeney et al., 1995). The consequences of reducing
excitability in the muscle are unknown. Here, we use
the EKO technique to first confirm that inhibition of pre-
synaptic activity enhances the establishment of ectopic
neuromuscular contacts on embryonic muscle fibers
and then to establish that partial suppression of electri-
cal activity in muscles during development does not.
The hemisegmentally repeated ventral longitudinal
muscles (VLMs) of the embryonic bodywall, muscle fi-
bers 6, 7, 12, and 13 (shown schematically in Figure 5A),
are not normally innervated by axons of the transverse
nerve (TN), which runs along the segmental borders of
the abdominal bodywall (Gorczyca et al., 1994). Since
none of the native, stereotyped synapses normally
formed on the VLMs derive from the transverse nerve,
any TN-derived innervation of these muscles is inappro-
priate, making these ectopic contacts a reliable and
sensitive assay for altered connectivity. Taking advan-
tage of the nearly complete suppression of motoneuron
activity in embryos expressing three copies of the EKO
transgene under the C155/elav-Gal4 driver, we arrested
development of such embryos at late stage 17 and im-
mediately analyzed the VLM innervation pattern without
fixation by fluorescence confocal microscopy, scoring
for abnormalities in branching of the transverse nerve
(Figure 5C). Control embryos, expressing two copies of
GFP instead of the EKO channel, were similarly staged
(Figure 5B). We found an approximately 100% increase
in both the frequency and average length of the collateral
branches in animals expressing the EKO channel (Fig-
ures 5D and 5E).
To ask whether inhibition of muscle activity might
lead to aberrations in neuromuscular synapse formation
similar to those observed upon partial motoneuron si-
lencing during development (Figure 5F, neuron), we ex-
amined VLMs 6 and 7 for TN-derived ectopic synapses
in third instar larvae expressing two copies of the EKO
transgene. As shown above, such animals show sub-
stantial evidence of muscular inhibition during develop-
ment. However, third instar larvae, filleted and stained
with anti-HRP antibodies to visualize motor nerve ter-
minals, did not show any significant difference in the
Figure 4. EKO Channel Expression in Either the Nervous System or
frequency of ectopic synapses compared to controlsMusculature Has Graded Effects on Viability and Behavior De-
pending on Transgene Dosage
(A) (Left) Mortality (i.e., failure to survive to adulthood) of transgenic
flies expressing zero, one, or two copies of the EKO transgene in
the nervous system using the C155/elav-Gal4 driver (black bars) or (B) Video images of a late stage 17 control embryo taken at 2–3 s
musculature using the 24B-Gal4 driver (gray bars). Percent mortality intervals show the sequential, peristaltic compression of bodywall
of animals expressing the EKO channel was calculated relative to segments traveling anteriorly as a wave.
the mortality of nonexpressing control animals from the same cross (C) The frequency of peristaltic waves in late stage 17 embryos
as described under Experimental Procedures. At least 50 flies were expressing the EKO transgene at two-copy or three-copy levels in
scored in each cross. Controls with zero copies of the EKO channel the nervous system. Embryos expressing EGFP (0) or tetanus toxin
contained a transgene for GFP alone. (Right) Absolute percent mor- light chain (TetTx) are shown as negative and positive controls,
tality as a function of EKO transgene copy number for animals ex- respectively. n  18 for EGFP control embryos; n  12 for embryos
pressing the EKO channel in muscles under control of the 24B-Gal4 of each of the other genotypes.
driver. Mortality is broken down according to developmental stage (D) Inhibition of larval motility resulting from expression of zero, one,
with the stacked, colored bars indicating the (absolute) percentage two, or three copies of the EKO transgene in muscles. First instar
of animals dying during embryonic, larval, or pupal development. larvae were assayed for their maximal speed of movement, and
The total height of the stacked bars indicates percentage of animals average speeds for each gene dosage were calculated from the
failing to survive to adulthood. maximal speeds of all animals assayed at that dosage (n  10).
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(Figure 5F, muscle), suggesting that normally active mo-
toneurons do not sprout inappropriately when con-
fronted with muscle fibers of reduced excitability.
Manipulation of Neuronal Response: Identifying
Adaptive Mechanisms in Sensory Neurons
The experimental reduction of electrical activity can be
used not only to study processes in neural development,
but also cellular processes such as the modulation or
maintenance of response to inputs. Such mechanisms
are clearly important in sensory neurons such as photo-
receptors, which must respond to input strengths that
differ by many orders of magnitude and must remain
responsive in the presence of persistent stimuli.
To determine whether the EKO technique might be
useful in analyzing sensory neuron function, we selec-
tively expressed up to six copies of the EKO transgene in
Drosophila photoreceptors using the GMR-Gal4 driver.
The pattern of expression is shown in Figure 6A (right).
Control flies expressing GFP (Figure 6A, left) show uni-
formly strong expression in the photoreceptor layer (pr),
the synaptic region of the lamina (lam), and in the R7
and R8 axon terminals in the medulla (med). In contrast,
flies expressing six copies of the EKO transgene show
the strongest labeling in the photoreceptor layer, with
considerably weaker labeling of axons in the lamina and
medulla. This pattern is consistent with previous studies
on the localization of the Shaker channel in these cells
(Rogero et al., 1997), suggesting that the EKO channel,
as in muscle, is occupying sites normally occupied by
the native Shaker channel.Figure 5. Developmental Reduction of Excitability in Motor Neu-
EKO-mediated attenuation of photoreceptor functionrons, but Not Muscle, Leads to Aberrant Neuromuscular Connec-
tivity is evident from changes in the electroretinogram (ERG),
(A) Schematic of a larval bodywall hemisegment in the region of which measures the eye’s response to a light stimulus
ventral longitudinal muscles (VLMs) 7, 6, 13, and 12. Hemisegment from a field electrode in the cornea (Figure 6B, top). The
boundaries are flanked by the transverse nerves (TN), which do not initial amplitude of the photoreceptor potential (solid
normally branch onto the VLMs (see text). The LBD neuron, which circle) declines progressively with increasing transgene
lies along the segmental boundary, establishes the TN (Gorczyca
copy number between three and five copies, with sup-et al., 1994). The SNb branch of the segmental nerve innervates
pression saturating at approximately 50% of the controlthe VLMs, with the synapses shown in black, while those of the
intersegmental nerve (ISN) do not. ERG amplitude. No further suppression is seen with six
(B) Confocal image of an abdominal hemisegment from an unfixed copies of the EKO transgene. In contrast, the postsynap-
whole-mount late stage 17 control embryo expressing two copies tic response of the laminar interneurons, reflected in the
of EGFP. The native motor ending on muscle fibers 7 and 6 are amplitude of the “off” synaptic transient (open circle),
evident (arrow), as a short ectopic sprout from the transverse nerve
remains relatively invariant, even at the highest copy(TN) onto mf 7 (arrowhead).
numbers of the EKO transgene (Figures 6B and 6C,(C) Similar confocal image from a late stage 17 embryo expressing
three copies of the EKO transgene (and a single copy of a UAS- circles). Because the postsynaptic response normally
EGFP transgene to enhance fluorescence) with an ectopic branch declines in proportion to photoreceptor potential when
(arrowhead) extending from the upper transverse nerve to the cleft light intensity is decreased (Figure 6C, squares), the
between 7 and 6, the site of the native motor ending (arrow). Posi- result suggests that the gain or throughput of the photo-
tions of the muscle fibers (determined from the Nomarski image of
receptor-laminar interneuron synapse in EKO-express-this section) are overlaid in red. Scale bar: 15 m. Abbreviations:
ing animals is increasing to compensate for the inhibitionLBD, lateral bipolar dendrite neuron; TA, tracheal associated
neuron. of the photoreceptor response.
(D and E) These graphs show that both the frequency (D) and average Compensation does not appear to occur at the level
length (E) of collateral branches of the TN approximately double in of increased photoreceptor excitability insofar as direct
embryos expressing three copies of the EKO transgene in neurons application of 4-AP to the eye does not enhance the
(gray bars) compared to controls expressing two copies of GFP
amplitude of the photoreceptor potential above control(black bars).
(F) Summary of the effects of suppressing muscle excitability over
development. Shown on the right (muscle) is the frequency of ec-
topic synapses observed on VLMs 6 and 7 in third instar larvae
expressing two copies of either the EKO transgene (gray bars) or mutant napts as reported by Jarecki and Keshishian (1995). (Gray
GFP (black bars) in muscle under the 24B-Gal4 driver. On the left bars for the napts experiment indicate the frequency of ectopic con-
for comparison (neuron), is the percentage of third instar larval hemi- tacts in wild-type controls. For the TN experiments, when more than
segments observed to have ectopic synapses on muscle fiber 12 one collateral was present, the TN was scored according to the
when neurons are partially silenced by temperature shift using the longest collateral present.)
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levels. Surprisingly, this treatment only partially reverses
changes in ERG amplitude and waveform (Figure 6D),
suggesting that photoreceptors may adapt to EKO-medi-
ated attenuation of excitability in several ways. While we
cannot exclude the possibility that nonspecific effects
of the drug prevent complete reversal of suppression,
4-AP application has no significant effect on the photo-
response of control animals during the time window
examined. Taken together, our results demonstrate that
the EKO channel can be successfully used to manipulate
the response properties of photoreceptors, and that its
application promises to identify novel physiological mech-
anisms underlying sensory neuron function.
Uncovering the Neuronal Correlates
of Specific Behaviors
One of the goals of neuroscience is to establish the
neuronal correlates of specific behaviors. Behavioral
screens to identify candidate neurons involved in olfac-
tory function have previously been performed using
UAS-TetTx lines in conjunction with enhancer trap gen-
erated fly lines expressing Gal4 in random subsets of
neurons (Sweeney et al., 1995). The potency of TetTx
may limit its utility in screens of adult behaviors, how-
ever, as expression at even single copy dosages often
results in developmental lethality (Sweeney et al., 1995).
The ability of the EKO channel to suppress neuronal
excitability in a graded fashion may make it a useful
complement to TetTx for behavioral screens by allowing
adult phenotypes inaccessible by the TetTx technique
to be observed at lower copy numbers of the EKO trans-
gene. We illustrate this point using the Gal4 enhancer-
trap line A307 (Phelan et al., 1996), which drives expres-
sion in the principal neurons and muscles of the giant
fiber pathway as well as other identified neurons of the
adult nervous system including the giant intercommis-
sure neurons of the brain, and the peripheral chordoto-
nal sensory neurons. In addition, A307-Gal4 drives ex-
pression in several small clusters of unidentified neurons
Figure 6. Targeted Expression of the EKO Channel to Photorecep- in the brain, prothoracic, mesothoracic, metathoracic,
tors Significantly Reduces the Photoreceptor Potential, but Not the
and fused abdominal ganglia (description available atSynaptic Transients of the ERG
Flybrain, http://www.flybrain.org, as P[Gal4]-307 en-(A) Confocal images of 50 m thick vibratome sections of fixed fly
hancer-trap pattern, accession number AA00098J, byheads showing the patterns of GFP fluorescence in the eye and
A. Drummond, J. Allen, K.G. Moffat, 1997).brain of flies expressing either two copies of the GFP (left) or six
copies of the EKO (right) transgenes driven by a single copy of A single copy of the weakest TetTx allele (TNT-E) is
the GMR-Gal4 driver. GFP fills the photoreceptor cell bodies and lethal at the pupal stage when driven by A307-Gal4 (Fig-
proximal axons in the photoreceptor cell layer (pr), as well as the
axon terminals of photoreceptors 1–6 in the lamina (lam) and those
of photoreceptors 7–8 in the medulla (med). EKO labeling suggests
strongest localization of the channel to the photoreceptor cell layer.
Scale bar: 50 m. squares) under the GMR-Gal4 driver. All ERG responses for EKO-
(B) Representative electroretinograms (ERGs) from 2-day-old flies expressing flies were to a 3.0 mW light stimulus. ERG responses
expressing three to six copies of the EKO transgene or two copies of GFP-expressing flies were to this same maximal stimulus (I0)
of GFP (0). The graph shows the average initial amplitude of the sequentially attenuated by up to 1.7 	 104 I0 using neutral density
photoreceptor potential (filled circle) for 7–14 flies of each genotype. filters. Photoreceptor potential amplitudes were measured in these
The photoreceptor potential is maximally inhibited (53%) at five experiments just prior to the end of the light stimulus. Lines repre-
copies of the EKO transgene. Flies with four to six copies of the sent least squares fits to the data from control flies (solid line) and
EKO transgene, but without the GMR driver had an average photore- EKO-expressing flies (dotted).
ceptor potential of 11.0  0.3 mV (n  5). (D) EKO-mediated suppression of the ERG can be partially reversed
(C) Shown are the average amplitudes of ERG “off” synaptic tran- by 4-AP. ERG traces from a fly expressing six copies of the EKO
sients (open circle in control trace, [B]) plotted as a function of final transgene are shown before (left) and 8 min after (right) 2 min appli-
photoreceptor potential amplitude (normalized to the amplitude of cation of 400 mM 4-AP directly to the eye. The graph shows the
the GFP control). Transients were measured from 7 flies express- percentage change in the photoreceptor amplitude 8–10 min after
ing three to six copies of the EKO transgene (gray circles), or from 4-AP treatment for 9 control flies (GFP) and 13 flies (EKO) expressing
three flies expressing two copies of the GFP transgene (black four to six copies of the EKO transgene.
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A307-Gal4 are not overtly impaired, all of those express-
ing three copies display both anatomical and behavioral
abnormalities. Two are shown in Figure 7B (right). In
addition to pronounced pigmentation of the thoracic
trident (white arrow), a condition that phenocopies the
pentagon mutation, these animals fail to expand their
wings (black arrowheads), though control flies with three
copies of the EKO transgene but lacking the A307 driver
are normal (Figure 7B, left).
Wing expansion is accomplished shortly after eclo-
sion by driving hemolymph into the wing veins by ab-
dominal contractions. Release of eclosion hormone is
thought to help coordinate this behavior, though ab-
lation of the neurons that secrete this hormone inhi-
bits wing-expansion in only about two-thirds of flies
(McNabb et al., 1997). These neurons are therefore un-
likely to be the targets of suppression under A307-Gal4
since three copies of the EKO transgene completely
prevent wing expansion. Similarly, identified neurons of
the giant fiber system that express Gal4 under A307 are
unlikely to drive wing expansion behavior since disrup-
tions in giant fiber connectivity have not been reported
to cause wing abnormalities (Thomas and Wyman, 1984;
Allen et al., 1999). Evidence that the target is neuronal
(and that the deficit results from changes in excitability)
comes, however, from our observation that wing-expan-
sion behavior can be modulated by levels of Na, as
well as K, current in the affected cells (see below). This
rules out muscle as a possible target, because in flies,
muscle excitability is governed by the relative mem-
brane conductances for Ca2 and K, but not Na ions
(Salkoff and Wyman, 1983).
The nearly complete absence of wing expansion de-
fects in flies expressing two copies of the EKO channel
under A307-Gal4 (Figure 7C) indicates that the affected
cells in these animals must have EKO (i.e., K) conduc-
Figure 7. Conditional Suppression of Wing Expansion Behavior in
tances that are not sufficiently high to inhibit excitability.parats1
We reasoned that the excitability of these cells might(A) Expression of two to four copies of the EKO transgene under
be further decremented by concomitantly lowering Nathe A307-Gal4 driver leads to a progressive decline in the frequency
conductances. We therefore drove expression of twoof pupal eclosion, with complete failure to eclose at four copies.
Animals expressing one copy of TetTx (TNT) also fail to eclose. copies of the EKO transgene with A307-Gal4 in flies
While 46% of pupae expressing three copies of the EKO transgene hemizygous for a mutant, temperature-sensitive allele
eclose, 99% of control pupae (Ctrl) with three copies of the EKO of the Na channel, parats1. Neuronal activity in these
transgene, but no driver, eclose. flies could then be ubiquitously reduced by raising the
(B) Adult flies with three undriven copies of the EKO transgene
ambient temperature. All flies hemizygous for parats1,(A307) expand their wings (black arrowheads) normally, but 100%
but without EKO, expand their wings normally over theof adults in which transgene expression is driven by A307-Gal4
temperature range of 18
C –25
C (data not shown). How-(A307) fail to do so. The latter flies also develop deeply pigmented
thoracic tridents (white arrowhead) within several days of eclosion. ever, 79% of parats1 flies expressing two copies of the
(C) Very few flies (1.6%) expressing two copies of the EKO transgene EKO transgene under the A307 driver fail to expand their
under the A307-Gal4 driver fail to expand their wings at 25
C (25
C, wings when grown at 25
C compared with 24% at 18
C
parats1). In flies hemizygous for the mutant Na channel allele (Figure 7C). Of the flies that failed to expand their wings
parats1, wing expansion failure can be manipulated by temperature
at the elevated temperature, most also developed darklyshift. At 18
C, 21% (26/33) of parats1 males expressing two copies
pigmented tridents, though some had partially ex-of the EKO transgene fail to expand their wings, but 76% (11/46




C are subthreshold for the paralytic ef- These experiments demonstrate the utility of the EKO
fects of parats1 (29
C), and wing abnormalities were absent in parats1 technique for identifying candidate neurons that govern
mutant controls (data not shown). a specific adult behavior: one or more of the neurons
in which A307-Gal4 drives EKO channel expression must
be necessary for wing expansion. We anticipate that
ure 7A). In contrast, EKO channel expression under the expressing the EKO channel in other Gal4 enhancer-
same driver is pupal lethal only at four copy dosage, trap lines will be an efficient way to screen for neurons
with intermediate levels of survival at two and three whose functions are essential for the execution of other
copy dosages. Interestingly, while most adult animals behaviors. Such screens for the cells underlying specific
behaviors, first pioneered using TetTx, are analogousexpressing two copies of the EKO transgene under
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to classic genetic screens for behavioral deficits and hyperpolarized in EKO-expressing cells by 10 mV or
more relative to controls. The EKO channel thus reducesmight be called “neurotrapping.”
excitability not only by decreasing membrane resis-Our results also provide strong evidence that the wing
tance, but by increasing the voltage change required toexpansion defect caused by EKO channel expression
activate depolarizing currents, such as those carried byunder the A307-Gal4 driver derive from a reduction of
voltage-gated Na and Ca2 channels. The persistentneuronal excitability, since the frequency of the defect
activation of EKO channels at rest further indicates thatcan be altered by shifting the balance of voltage-sensi-
slow inactivation processes do not impair the channel’stive Na and K currents. The method we introduce for
ability to inhibit excitability at long-time scales.regulating the efficacy of suppression using the temper-
The suppression of motor function in animals express-ature-sensitive parats1 mutant also provides a potentially
ing the EKO channel in either all neurons or all musclesrapid experimental switch for turning EKO-mediated
confirms the efficacy of the EKO channel, as does thesuppression “on” and “off.”
EKO-mediated inhibition of wing expansion behavior
seen with the A307-Gal4 driver. In all cases, the severityDiscussion
of the behavioral impairments, like EKO’s effects on
viability, are strongly dependent on transgene dosage.We introduce in this paper a novel tool for reducing
This dependence presumably results from correlatedelectrical activity in excitable cells and demonstrate its
increases in K conductance with channel gene copyefficacy in both neurons and muscles. The tool, called
number, as has been demonstrated previously for thethe EKO channel, is a genetically modified Shaker K
Shaker channel in muscle (Haugland and Wu, 1990).channel that retains the advantages but lacks the disad-
Interestingly, EKO expression achieves only partial sup-vantages of many naturally occurring K channels that
pression of excitability in photoreceptors, even at highhave previously been used to inhibit neuronal excitabil-
transgene copy numbers, suggesting that there may beity. The channel is active at potentials near typical neu-
a limit to conductance increases in some cell types.ronal resting potentials, increases its activation with in-
Such limits may represent limits in surface expression,creasing depolarization, and tends not to inactivate in
perhaps set by the number of Discs Large adaptor sitesresponse to depolarization. Coupled with the Gal4-UAS
at the membrane.system for cell-specific expression in Drosophila, the
We designed the EKO channel to localize subcellularlyEKO channel represents a powerful tool for suppressing
to sites normally occupied by the Shaker channel inthe function of selected groups of neurons. We show
Drosophila, and our evidence indicates that it is enrichedhow graded suppression can be accomplished by ad-
at such sites in both muscles and photoreceptors. Thejusting EKO transgene dosage and introduce a method
apparent suppression of A current in EKO-expressingfor conditionally regulating excitability using the temper-
muscles also suggests that EKO channels may displaceature-sensitive Na channel mutant, parats1 to comple-
the native channels at these sites. This is consistentment pharmacological block of the EKO channel using
with the rationale behind the EKO channel’s design,4-AP. Together, these techniques represent a general
which was to replace a channel that normally serves as
approach to controlling neural activity in living animals
a mild brake to membrane depolarization (Shaker) with
in a spatially and temporally restricted manner.
a much more potent brake (EKO). The effectiveness of
We have demonstrated the efficacy of the EKO chan-
the EKO channel in significantly reducing electrical ac-
nel in reducing excitability at both the physiological and tivity in a variety of cell types speaks to the success of
behavioral levels. Physiologically, EKO channel expres- this strategy. It is underscored by our recent observation
sion increased average K conductances in expressing that EKO channel constructs lacking a C-terminal tar-
cells while shifting thresholds of activation by approxi- geting domain have no discernible phenotype when ex-
mately 30 mV. Interestingly, the absolute threshold of pressed in neurons at two-copy dosages (data not
activation differed between Drosophila cells, where the shown).
EKO channel activated at potentials no more negative In contrast to naturally occurring K channels, which
than –70 mV, and oocytes and bag cell neurons, where have found only restricted use in suppressing neuronal
activation occurred at –85 mV. This difference may result excitability in vivo and which have sometimes been
from hybridization of EKO channel subunits in Drosoph- found to compromise cell viability (Nadeau et al., 2000),
ila with native Shaker subunits and the formation of the EKO channel shows broad utility in a variety of cell
channels with intermediate biophysical properties. Pre- types and applications. These applications can be quite
liminary experiments indicate, however, that expression distinct from those in which suppression of synaptic
of the EKO channel in a Shaker null background does activity by TetTx is useful. One area where the EKO
not appear to significantly alter its efficacy (data not technique shows promise is in studying the role of elec-
shown), arguing against this hypothesis. Alternatively, trical excitability in the regulation of synaptic strength
the difference in activation thresholds may reflect modu- and plasticity. For example, in photoreceptors we have
lation of the EKO channel by endogenous factors (for carried out an experiment not possible with TetTx. We
example, the Shaker  subunit, Hyperkinetic) that are have artificially suppressed the photoreceptor potential
absent in the heterologous cell types. In either case, the and unexpectedly find that the response to light of a
threshold of activation of the EKO channel in Drosophila given intensity in the laminar interneurons remains ele-
cells is sufficiently low to significantly reduce excitabil- vated, suggesting a form of homeostatic plasticity.
ity, as directly demonstrated in muscles. The low thresh- Chronic suppression of the ability of photoreceptors to
old of activation of the EKO channel is also reflected depolarize to light in EKO-expressing animals is some-
how compensated for by a corresponding increase inin resting membrane potentials, which were typically
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Mortality and Behavioral Assaysthe synaptic throughput to the first order interneurons.
Initial assays were conducted to assess survival to adulthood ofWe have also shown that where the EKO and TetTx
animals expressing 0, 1, or 2 copies of the EKO transgene in thetechniques overlap in such applications as identifying
nervous system (C155/elav-Gal4 driver) or musculature (24B-Gal4
neuronal substrates of behavior, the EKO technique of- driver). The crosses were designed so that all progeny had the same
fers tangible benefits in generating more graded levels number of EKO transgenes, but only half received a chromosome
containing the driver and therefore expressed the EKO channel. Theof suppression and should complement the TetTx tech-
other half received either a Y chromosome lacking the driver (in thenique in dissecting out the roles of electrical versus
C155/elav-Gal4 crosses) or a third chromosome balancer carryingsynaptic activity in essential neuronal function.
the Sb marker (in the 24B-Gal4 crosses). Crosses were scored forWe anticipate that the EKO technique will prove a
adult progeny with or without the driver (females versus males for
valuable tool for investigating many other questions re- C155/elav-Gal4; Sb versus Sb for 24B-Gal4), and the percent
lating to the role of electrical activity in nervous system relative mortality was calculated by subtracting the number of prog-
eny with the driver (i.e., those expressing the EKO channel) from thefunction. The technique may also find applications in
number without it (i.e., those not expressing the channel), dividing bygraded suppression of electrical activity of nonneuronal,
the total, and multiplying by 100. Generation of the two genotypesexcitable cells such as those of the heart or endocrine
in equal numbers results in a percent relative mortality of 0. Absencesystems. Finally, the approach we have taken in design-
of flies expressing the EKO transgene results in a percent relative
ing the EKO channel should be useful in guiding efforts mortality of 100. Controls with 0 copies of the EKO channel con-
to design similar tools for suppressing activity in verte- tained a transgene for GFP alone. For animals expressing the EKO
transgene(s) in muscles, the (absolute) percent mortality at eachbrates.
developmental stage was determined as follows: 24 hr egg lays
were carried out in vials under conditions that produced 30–90 eggs/
Experimental Procedures vial, and the number of animals surviving to each developmental
stage was determined. The number of animals dying at each stage
Fly Stocks was calculated by subtraction and divided by the total number of
All Drosophila strains were maintained in a Canton S background. eggs laid to determine the percent mortality. Pupal eclosion frequen-
Gal4 driver lines included: 24B-Gal4 (with the third chromosome insert cies of animals expressing either the EKO channel or TetTx under
P{GawB}how24B; Brand and Perrimon, 1993), which drives expres- control of the A307-Gal4 were determined by direct counts of empty
sion in all muscles and several other mesodermally derived tissues, versus occupied pupal cases 6 days after pupariation.
C155/elav-Gal4 (with the first chromosome insert P{GawB}elavC155; Lin Peristaltic movements of late stage 17 embryos were quantified
and Goodman, 1994), which drives expression in all neurons, and as follows. Embryos from 2 hr egg lays were aged at 25
C for 19
the enhancer trap line A307-Gal4 (Phelan et al., 1996), which ex- hr, then manually dechorionated and mounted in #700 halocarbon
presses in several identified neurons, including those of the giant oil (Halocarbon Products, River Edge, NJ) in groups of 6–8 on cover-
fiber pathway, as well as numerous unidentified neurons (see text). slipped glass slides. Embryonic movements were imaged by fluores-
The UAS-tetanus toxin line TNT-E, which contains the gene encod- cence (from either GFP or EKO driven in the nervous system by
ing the active form of the tetanus toxin light chain, and the UAS-GFP C155-Gal4) with a time-lapse video recorder. Images were captured
line were kindly provided by Drs. Cahir O’Kane and Barry Dickson, at a rate of three frames per second for intervals of 10 min and
respectively. scored upon playback for the number of full-body peristaltic waves.
The frequency of peristaltic waves was then calculated over the
interval. The motility of first instar larvae was analyzed as follows:Molecular Biology
five to seven recently hatched first instar larvae were collected 1The EKO construct was made using standard techniques from the
day after a 24 hr egg lay and placed on fresh apple juice plates and29-4 Shaker construct (“Shaker D” of Timpe et al., 1988): nucleotides
their locomotion monitored by videotape over a 5–10 min period.encoding amino acid residues 1–29 were replaced with the coding
The maximum speed of locomotion for each animal was calculatedsequence of Green Lantern (GIBCO), a mammalianized form of GFP
from its rate of advance during the interval of its greatest activity:and point mutations were introduced into the S3 and S4 transmem-
the path length traversed during this interval (14–60 s) was dividedbrane domains to generate changes in the residues at positions 316
by the interval length. Wing expansion phenotypes of flies express-(D→N) and 374 (K→Q), following the numbering of Papazian et al.
ing the EKO channel under the A307-Gal4 driver were determined(1991). For bag cell neuron expression, a noninactivating construct
by visual inspection several hours to several days after eclosion. Inlacking the coding sequence for residues 2–29, and without the
experiments with flies carrying the parats1 mutation, only male flies,GFP tag, was prepared. For oocyte expression, constructs were
which are hemizygous for the mutation, were scored.subcloned into the pGEM vector (Promega, Madison, WI) and mRNA
prepared from linearized vector using the mMessage Machine Kit
(Ambion, Austin, TX). For bag cell neuron expression, constructs
Electrophysiologywere subcloned into the pNEX-3 vector kindly provided by Dr. B.-K.
OocytesKaang.
Xenopus oocytes were injected with 50 nl of Shaker or EKO mRNA,
and currents were measured after 2 days by two-electrode voltage
clamp as described by McCormack et al. (1994). Shaker currentsGeneration and Characterization of the EKO Lines
P{UAS-EKO} was generated by inserting the EKO channel gene were recorded in standard saline (ND96) containing 2 mM KCl while
EKO currents were recorded in Na-free saline containing 98 mMinto the pP{UAST} vector (Flybase, 1999). DNA for microinjection
was prepared by Qiagen maxi-prep column (Qiagen, Valencia, CA), K to resolve the threshold of activation of the EKO channel.
Aplysia Bag Cell Neuronsand P{UAS-EKO} and the helper plasmid p25.7wc2-3 were coin-
jected into w1118 embryos in a ratio of 5:1 (Rubin and Spradling, EKO constructs, subcloned into the pNEX vector, were microin-
jected into Aplysia bag cell neurons as described by Whim and1982). Of 618 embryos injected, 29 survived to adulthood and gave
rise to seven robust and homozygous viable EKO lines, with inserts Kaczmarek (1998a, 1998b). Because these neurons will not express
the form of GFP used to tag the channel (M.D. Whim and L.K.mapped to the second (4) or third (3) chromosomes. Initial evaluation
using the C155/elav-Gal4 driver led to identification of two lines Kaczmarek, unpublished data), we microinjected both tagged and
untagged versions of the gene. The efficiency of expression of the(E222 and E323) with particularly high mortality rates when ex-
pressed heterozygously (99.7% and 40%, respectively). The E222 tagged channel was lower than that of the untagged channel (12%
versus 33%), but both had similar physiological effects. The con-line was found to contain two second chromosome P element inserts
as determined by chromosomal in situ hybridization. P element- struct lacking the GFP tag was coinjected with pNEX plasmid con-
taining the jellyfish GFP gene to visualize expression. One day aftercontaining chromosomes from these two lines were used to gener-
ate flies bearing one to three copies of the EKO transgene. microinjection, bag cell neurons were assayed for expression of the
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EKO channel by fluorescence, and the resting membrane potentials, three to four transverse nerves per embryo could then be resolved
and fluorescently imaged in situ for EKO or GFP using a Bio-Radinput resistances, and responses to depolarizing current injection of
green cells and nongreen cells (controls) were measured by single- 1024 Confocal Microscope (Bio-Rad Laboratories, Hercules, CA)
with a 63	, N.A. 1.4 planapochromat objective (scan zoom factor electrode current clamp. We have previously found a 100% correla-
tion between the expression of jellyfish GFP and that of coinjected 1.6). Nerves were scored for the presence or absence of ectopic
branches, and lengths measured using the LaserSharp acquisitiongenes, and indeed three of three nonfluorescent bag cell neurons
recorded from had normal physiological properties, while three of software. Ectopic synapses on muscle fibers 6 and 7 were scored
as described by Jarecki and Keshishian (1995) in animals expressingthree fluorescent neurons displayed properties similar to those of
the GFP-tagged construct (one of one recorded from). either two copies of the EKO transgene or two copies of the gene
for EGFP in muscle under control of the 24B-Gal4 driver.Drosophila Embryonic Neurons
Primary cultures of Drosophila neurons from embryos expressing Synaptotagmin staining of motor terminals was carried out on
wandering third instar larvae expressing two copies of the EKOeither GFP or two copies of the EKO transgene were prepared
essentially as described by Seecof (Seecof and Teplitz, 1971; Seecof transgene in muscles using standard procedures. Briefly, larvae
were filleted and fixed in 4% paraformaldehyde for 40 min prior toet al., 1971). Cells were extracted from approximately 5 hr old, de-
chorionated embryos and plated onto glass coverslips in Schnei- blocking with 1% BSA and successive incubations with a rabbit
anti-synaptotagmin antibody (a kind gift from Dr. Hugo Bellen) andder’s media supplemented with 20% fetal bovine serum (FBS), 8 mU/
mL bovine insulin, 100 U/mL penicillin, and 100g/mL streptomycin. an AlexaFluor568-labeled secondary antibody (Molecular Probes,
Eugene, OR).After 1 day in culture, cells were washed thoroughly with several
exchanges of media to enrich for neurons, and on day 2 cultures For imaging EKO channel localization in the adult eye, 2-day-old
adults were decapitated and their heads fixed in 2% paraformalde-were exchanged into physiological saline and currents recorded
from GFP-positive cells by whole cell patch-clamp techniques using hyde/30% sucrose for 2–4 hr before sinking in 30% sucrose over-
night at 4
C. Heads were then embedded in 10% acrylamide gels,5–6 m resistance electrodes and an Axopatch 1D amplifier (Axon
Instruments, Foster City, CA). Bath and electrode solutions were essentially as described by (Germroth et al., 1995) and cut into 50
M vibratome sections, which were mounted in VectaShield (Vectoras described by Wu et al. (1990). Membrane capacitances were
measured by capacitance compensation, and voltage-clamp data Laboratories, Burlingame, CA) on coverslipped glass slides and im-
aged by confocal microscopy.was acquired at a sampling rate of 8 Hz and filtered at 2 Hz. Thresh-
old of activation (Vact) of the outward currents (both for neurons and
muscles) was identified as the first voltage step at which the current Acknowledgments
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